The Japan Aerospace Exploration Agency (JAXA) will make the world's first solar power sail craft demonstration of photon propulsion and thin film solar power generation during its interplanetary cruise by IKAROS (Interplanetary Kite-craft Accelerated by Radiation Of the Sun). The spacecraft deploys and spans a membrane of 20 meters in diameter taking the advantage of the spin centrifugal force. The spacecraft weighs approximately 310kg, launched together with the agency's Venus Climate Orbiter, AKATSUKI in May 2010. This will be the first actual solar sail flying an interplanetary voyage.
Introduction
The Japan Aerospace Exploration Agency (JAXA) will make the world's first solar power sail craft demonstration of photon propulsion and thin film solar power generation during its interplanetary cruise by IKAROS (Interplanetary Kite-craft Accelerated by Radiation Of the Sun) as shown in Fig. 1 . The spacecraft deploys and spans a membrane of 20 meters in diameter taking the advantage of the spin centrifugal force. The spacecraft weighs approximately 310kg, launched together with the agency's Venus Climate Orbiter, AKATSUKI in May 2010. Both spacecraft are boosted by the H-IIA vehicle directly into their cruise orbit bound for Venus. This demonstrator attempts to deploy thin film solar cells on the membrane, in order to evaluate its thermal control property and anti-radiation performance in the real operational field. The sail spacecraft steers its orientation in time-to-time to demonstrate photon acceleration in accordance with the guidance strategy in cruise flight to Venus. This will be the first actual solar sail flying an interplanetary voyage.
JAXA has studied an extended solar power sail craft toward the outer solar system via hybrid electric photon propulsion 1) since 2001. It uses fuel-efficient ion engines along with the solar sail, flying to Jupiter and Trojan asteroids as shown in Fig. 2 . It generates electricity using the thin film solar cells on the sail. It is defined as an engineering technology demonstrator, similar to the HAYABUSA (MUSES-C) that is currently flying back to the earth as the world's first sample-return attempt 2) . The mission proposal passed the Mission Definition Review in 2005 and now is eligible to go into the pre-project phase (Phase-A).
However a stepping stone to the boost of the technology readiness level toward the extended solar power sail craft is required. The project team applied first for the small technology demonstrator mission, IKAROS as a FrontLoading of new key technical issues of the extended solar power sail craft. The mission has four parts: the deployment of the large membrane, the power generation by the thin film solar cells, the acceleration verification and the navigation technology acquisition by the solar sail. The proposal was endorsed in July 2007 and is now ready for the fabrication toward the launch in May 2010 together with the Venus Climate Orbiter, AKATSUKI on H-IIA. Solar sail missions have been studied in the world 3, 4) , however, they are not achieved yet. IKAROS will demonstrate not only the solar sail but also the solar power sail. The solar power sails can save fuel by the solar sail and supply sufficient electricity from the thin film solar cells. JAXA will lead the future solar system exploration by solar power sails. The thin film solar cells attached to the sail are lighter than solar cells normally used for spacecrafts, and easier to handle. Our missions will lead to lower cost in the solar cells market, whose growth is a key factor for global warming prevention. Those low-cost solar cells are also the foundation of future solar power satellite systems. This paper introduces the extended solar power sail and IKAROS missions and presents the description of IKAROS spacecraft. 
Extended Solar Power Sail Mission to Jupiter and Trojan Asteroids
The extended solar power sail craft which is shown in Fig.  3 uses the world's first hybrid photon / ion propulsions taking the advantage of thin film photo-voltaic technology. The mission has very new multi-purposes:
First of all, the mission aims at the exploration of the Trojan asteroids for the first time in the world. It is the first spacecraft to the Jupiter's distance powered only by solar cells as shown in Fig. 4 . Utilizing the power surplus available at the Earth distance, the spacecraft is supposed to drive its ultra-high specific impulse ion engines aboard with the combination of the Earth gravity assist. The intended specific impulse will be 10,000 seconds, almost as 3.3 times efficient as existing contemporary ion engines. Not only the technology demonstration, in addition to the Trojan asteroid exploration, there are more new innovative scientific purposes carried by this spacecraft. A background emission mapping excluding ecliptic dust cloud, which is cleared beyond four AU distance from the Sun, is particularly remarkable. This will reveal the fundamental questions as to the extraordinary young stars observed only in deep IR region. Furthermore, this single spacecraft carries a Jovian orbiter and an atmospheric reentry probe, both of which will constitute a spacious and simultaneous magnetosphere measurement at the Jovian polar region, via a formation flight. This will be the first attempt ever in the long solar planetary exploration history.
JAXA has been seriously investigating the spacecraft development and the mission proposal passed the Mission Definition Review in 2005. It now puts a technology demonstrator in 2010. 
Small Solar Power Sail Demonstrator (IKAROS)
The small solar power sail demonstrator, IKAROS is a stepping stone to the boost of the technology readiness level toward the extended solar power sail craft. The spacecraft spans a square membrane sail whose tip-to-tip length is 20 meters long, and weighs about 310kg. As its name infers, the sail spanned includes thin film solar cells which occupy approximately 5% of the total area. It is now ready for the fabrication toward the launch in May 2010 together with the Venus Climate Orbiter, AKATSUKI on H-IIA.
The success criteria of the IKAROS mission are summarized as follows; (1) Deployment of Large Membrane Sail -Deployment and Expansion of a Large Membrane in space using similar mechanical device and procedures to those in the Extended Solar Power Sail craft.
-Obtaining a number of data indicating the expansion status of the membrane. The demonstration flight assumes an operation scenario described in the following figure, Fig. 6 .
In IKAROS mission, not only the deployment of the sail, but also steering capability shall be demonstrated. The attitude requirement mainly attributes to radio communication constraints for LGA (Low Gain Antenna), while the attitude capability strongly relies on the Sun angle as shown in Fig. 7 .
The flight period to Venus is only half a year, during which IKAROS demonstrator is supposed to perform the above mentioned flight sequences. Fig. 8 shows a steering 
IKAROS Spacecraft Description
IKAROS spacecraft is a spinner and its shape is cylindrical. It carries a drum around which a membrane is wound to be unfolded via a special mechanics aboard. Whole spacecraft view is presented below.
Where sail membrane is wound is Mission portion that is independent of the bus hub portion as shown in Fig. 9 . The spacecraft design started from fall of 2007, just 2.5 years prior to the launch and the design process intentionally adopted No-EM (Engineering Model) development strategy taking the advantage of relatively sufficient mass margin indicated from the launch vehicle. Besides, the existing hardware surplus as well as reproduction of existing design is fully exploited to shorten the development period. This paper introduces the major development component: sail and deployment system.
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Sail
The sail shape and equipment layout are shown in Fig. 10 . Membrane: The shape of the membrane is a square whose diagonal distance is 20m. It consists of four trapezoid petals as shown in Fig. 11 . The direction of folded lines is perpendicular to the direction of the centrifugal force. It is made of two kinds of polyimide resin whose thickness is only 7.5μm. Both of them have a high tolerance for space environment requirement. Polyimide1 is an existing film and it needs to be connected to each other by adhesive. On the other hand, polyimide2 is thermoplastic polyimide which is developed and manufactured by JAXA newly for the extended solar power sail mission as shown in Fig. 12 . It can be fused with each other by heater control without adhesive. If the membrane is made of thermoplastic polyimide, the membrane becomes lighter and stronger and can decrease the outgassing. Aluminum is vapor deposited on front side of the membrane in order to reflect sunlight more efficiently. In addition, the membrane is reinforced in such a way as to prevent it from splitting all the way if it's ripped. If the membrane is torn, its performance will decline slightly, but it can still continue its space travels. 
Deployment system
Several kinds of deployment methods 5, 6) have been investigated in the world, and JAXA has studied the spinning type 7, 8) . The membrane is deployed, and kept flat, by its spinning motion. The centrifugal force is used for the membrane deployment in the initial sequence after the launch as well as shape maintenance during the cruise phase. This deployment method can be realized with simpler and lighter mechanisms than conventional mast or boom types as it does not require rigid structural elements. This method can be applied to large solar sails with a diameter of 50 to 100m.
The proposed deployment method of the sail is shown in Fig. 15 . It consists of two stages. In the folded configuration, each petal is line-shaped and rolled up around the main body. In the first stage, the rolled petals are extracted like a Yo-Yo despinner, and form a cross shape. The shape is maintained by stoppers. In the second stage, the stoppers are released and each petal expands to form a square shape. If the first stage of the deployment is performed dynamically, each petal will be twisted around the main body just after the deployment. Therefore, the first stage of the deployment needs to be performed statically. On the other hand, the second stage of the deployment can be performed dynamically as shown in Fig. 16 .
The deployment sequence is defined as follows: 1) Separation from rocket with slow spin (5rpm) 2) Spin down using RCS (5rpm -> 2rpm) 3) Tip mass separation 4) Spin up using RCS (2rpm -> 25rpm) 5) First stage of the deployment (25rpm -> 6rpm) 6) Second stage of the deployment (6rpm -> 2.5rpm) 7) Spin down using RCS (2.5rpm -> 1rpm) 8) Control of spin direction and rate The spin rate is decreased in the first and second stages of the deployment, because the inertial momentum of the sail is increased. Trans. JSASS Aerospace Tech. Japan Vol. 8, No. ists27 (2010) To_4_30 Fig. 17 shows the mechanism to wind the sail onto deployment system uniformly.
To verify that the membrane can be deployed safely, ground experiments and numerical simulations are performed. The ground experiments shown in Fig. 18 confirm that the membrane is deployed smoothly by the deployment mechanism. The multi-particle model and the finite element method model 9) shown in Fig. 19 are used mainly to predict the deployment dynamics. The multi-particle model is suitable for macro dynamics analysis and used for comprehensive analysis. On the other hand, the finite element method model is suitable for macro and micro dynamics (stress, crease) analysis and used for sensitive analysis to validate and define the range in application of the multi-particle model. 
Conclusion
In this paper, it is reported that the Japan Aerospace Exploration Agency (JAXA) will launch the world's first solar power sail craft, IKAROS in 2010 together with its Venus Climate Orbiter, AKATSUKI. It demonstrates both photon propulsion and thin film solar power generation during its interplanetary cruise. This demonstrator attempts to deploy thin film solar cells on the membrane, in order to evaluate its thermal control property and anti-radiation performance in the real operational field. The sail spacecraft steers its orientation in time-to-time to demonstrate photon acceleration in accordance with the guidance strategy.
This paper also introduces the extended solar power sail mission and its relationship with the IKAROS mission.
The IKAROS flight hardware currently undergoes a fabrication process. This will be the first actual solar sail flying an interplanetary voyage.
